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ABSTRACT

Three buffer allocation strategies are analyzed: 1) CS-CP strategy — Complete Sharing scheme is used
in the input buffer and Complete Partitioning scheme is used for the output buffer, 2) CS-CS strategy —
Complete Sharing scheme is used for both the input and output buffers and 3) SIO—Input and Output
message Share a common buffer. The buffer size is assumed to be in units of fixed size “‘storage units”.
Distributions of output queue lengths and storage unit occupancies at both the input and output buffers
are derived. From these, the overall nodal blocking probability and average nodal delay are obtained as

performance measures for the three strategies.

Introduction

For a message-switched store-and-forward network,
buffering is needed at each node to receive inbound mes-
sages from different input lines and to distribute the out-
bound messages to their respective output lines. In recent
years, considerable amount of research has been done on
the input/output buffering behavior at a network node
and on the effect of different buffer sharing schemes on
nodal storage requirements. Thus focusing on the input
end of a network node, Chang [1] made a comparative
analysis of four input buffer assignment schemes. He
found that 1} static assignment of storage to each input
line is inefficient in the usage of memory resources; 2)
dynamic assignment schemes require more processing
time but give higher buffer utilization; 3) A semidynamic
scheme gives about the same buffer utilization as the dy-
namic scheme, but requires less processing time. It works
as follows: One storage unit is allocated at a time when
receiving a message, but the storage units are released only
after the entire message is received.

In our modeling, we choose this scheme to assign
buffer storages at the receiving end. Other works include
that of Schultz [14], which extends the stochastic model
developed by Gaver and Lewis [3]. There, Schultz com-
pared two dynamic input buffer allocation schemes in
terms of the optimal buffer size and the total buffer pool
requirements for a given overflow criterion.

More work appeared on the output buffer allocation
strategies. A recent one by Kamoun and Kleinrock [7] is

a general analysis of five output buffer allocation schemes
as follows:
1)  The Complete Partitioning (CP)
2)  The Complete Sharing (CS)
3)  Sharing with Maximum Queue lengths (SMXQ)
4)  Sharing with Minimum Allocations (SMA)
5)  Sharing with Maximum Queue lengths and Minimum
Allocations (SMQMA)
Given all the system parameters, they derived average
blocking probabilities and queue length distributions for
the above five schemes. On the other hand, Yum and
Du [16] focused on the design of output buffer allocation
strategies. They solved the following “reverse” problem:
Given the blocking probability and average queueing delay
requirements, what is the best strategy (in terms of the
total amount of storage required) among the five mention-
ed above; and what are the optimum parameters, such as
the sizes of minimum allocations and the limits on maxi-
mum queue sizes, for each strategy. Rich and Schwartz
[12] considered the general case of M “nodes’ sharing R
buffers with a total of N, message storages. They relate
blocking probability to M, R and N and conclude that
substantial improvement in blocking probability can be
obtained with storage sharing. Lam [8] studied the CS
scheme in a node with time-out, message acknowledge-
ment and message retransmission functions. He proposed
a heuristic algorithm for determining buffer size needed
to achieve certain blocking requirements. Irland [6] also
studied the SMXQ buffer allocation scheme. Latouche
[10] proposed balanced SMA and square root SMA po-
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licies for designing sub-optimal SMA strategies. Chu [2]
and Rudin [13] studied the finite buffer concentrators
with single constant output. Other related work can be
found in [4, 5,9, 11, 15].

In contrast to the analyses of the input buffer al-
location strategies where buffer size is measured in fixed
size storage units, all the analyses of the output buffer
allocation strategies found assumed the buffer size to be
in variable length message units. That is, each message oc-
cupies one unit of storage regardless of the length of that
message. In analyzing the three buffer sharing schemes
in this paper, we assume the more realistic storage unit at
both the input and output buffers.

Resource sharing provides performance improve-
ment. This motivates us to consider the sharing of input
and output buffers and to design the so-called SIO (shared
input and output buffer) strategy. To assess the amount
of performance improvement, we compare this strategy
with the CS-CP (complete sharing at the input buffer and
complete partitioning at the output buffer) strategy and
the CS-CS strategy.

Let us now consider three models for the CS-CP
strategy (Fig. 1). Model A shows two physically-separated
buffers for input and output. Model B shows the case
where different regions of the same buffer are used for
input and output purposes. Model C shows the case
where the input and output lines share a common buffer,
but with constraints on the total number of storage units
occupied by 1) the input messages and 2) the output
messages of each output line. These three models look
different, but as far as analysis and system performance,
such as delay and blocking probability, are concerned,
they are identical. Turning to the SIO strategy, we may
imagine the existence of a dynamic boundary separating
the input and output buffers. After receiving the input
message, that part of the input buffer region occupied
by that message is “declared” by the processor to be part
of the output buffer region, Released empty storage units
from the output buffer region will be allocated to the
input lines on a first come first get basis. Thus no physical
movement of data is involved in getting from the input
buffer to the output buffer; and once a message is received
at the input buffer, blocking cannot occur at the output
buffer. This is in contrast to the other two strategies
where each received message is inspected by the nodal
processor and gets routed to the appropriate output buf-
fer region. Since storages at the output buffer are not
reserved, blocking can occur at both the input and the
output buffers.

In the next section, we describe in detail the model-
ing of a switching node as a queueing system and present
the analyses of the three buffer sharing strategies. Then
in section III, we compare the performance of these three
strategies under various conditions. Some topics for fur-

ther investigation are suggested in section IV.
Analysis of Buffer Sharing Strategies

A typical computer network node has several high
speed full duplex synchronous lines linking with other
nodes. For such a typical node, let us “separate” all the
input lines for the inbound traffic to the left side of the
node and the output lines for the outbound traffic to the
right as shown in Fig. 1. Also shown is{C;}and {Cj} de-
noting the set of input and output line capacities respec-
tively. We have assumed the general case where Cj need
not equal to Cj and the number of input line L need not
be equal to the number of output line R, Further, we let
{Nj} and {v;} be the set of input and output traffic rates
and U= [u,-j] be the transition matrix. We then have u;
equals to the fraction of the number of messages from the
i-th input line that gets routed to the j-th output line.
Thus if we let A=Ay, Ay, ....,\y) and v=(vy,V2,...,Vg),
we have v=AU.

We assume message lengths are exponentially dis-
tributed with mean 1/u and the message arrival process
for each input line is Poisson. The arrivals to the output
lines are therefore superposition of random bifurcated
Poisson processes. So these arrivals remain Poisson; and
the output lines for all these strategies may be modeled
as R MiM|1 queues with restrictive sharing of a finite
buffer.

At the input end, the allocated storage for a receiv-
ing message is released only when the message is received
completely. Thus the message receiving time is just the
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Fig. 1. Three models for the CS-CP strategy.
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message transmission time. The average message receiving
time for the i-th input channel therefore is just l/uC,-'; and
the overall average receive time 7, which is equal to the
average input delay, is
=% Moy § )
Migvuc, T Y

The probability that the i-th input line is active (or

busy) is numerically equal to the utilization factor of that

line. Denote that as a;, we have N
Ai
;= — . i=1,2,...,L 2
i HCi’ ( )

The probability that the number of active lines M equals
to m can be expressed in terms of the g; as follows:

rL
7 (1 _al) m=0
i=1
£ 4 % 5
.. . a.
i=1 %, i=1 %, ip=1 'm
ig#iy i 0082, sy o}
m=1,2,....,[5]

C T (1-a)
i=1
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PM=m]={ 5
z (1 — -2 (1—-a;,)...
i1=1( ail) iz=1 ( i2)
iz #
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iL =l( _aiL’m)
-m
iL—mé{il’i2""’iL-m-l}
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i=1
iglinig ..., i _ )
7]f a m=L
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Let the storage unit be of size . Then, any message
with length in the interval (nb, (n+1)bd] will occupy (n+1)
storage units, Let X be the message length in storage
units, The distribution of X is then

=nl={"? -bx
P[X—n]-f(n_l)bue dx

= (1-6)m™! n=1,2,... 4)

where 6=¢™®. The corresponding generating function is
. 1. (1-0)

F(z)= EIP[X—I]Z = {6z 3)

In the following, we shall specialize the analysis to
each of the three strategies:

Analysis of the CS-CP Strategy

Consider Fig. la again which shows schematically
the input and output buffers with the CS-CP strategy.
The input buffer has a size of B; storage units. The R out-
put buffers have sizes By, B,, ..., By respectively. Now,
given that the number of active input lines M is equal to
m, the total number of storage units occupied by these m
receiving messages at the input buffer is

J,=Xi+X;+.. . +X, (6)

where Xi' is the length of the received portion of the i-th
input message. By the memoryless property of geometric
distribution, X,-' has the same distribution as X. There-
fore, let

F,@) = kiz'éoP[Jm:k]z"

be the generating function ofiJm, we have from Egs. (5)
and (6),

Fa@)= F@)]™"=(1-0)"2" 2 0('"*;;"1) 0z)*.
Equating coefficients, we have the conditional distribution
P[J,=kl= o) (1= 060%™ k=m,m+1,... (7)

Now, what we are really interested in the input buffer
occupancy I. Under the same conditioning, i.e., M=m,
the distribution of 7 is just the truncated distribution of
J,, since the size of the input buffer is only B, storage
units. Thus we have

PlI=k|M=m] = ?M
T
3 Plhy= 2]
R=m
Qe(k,m,B) k=m,m+l,...,B, (8)

Unconditioning, we have the distribution of input buffer
occupancy I given as

PlI=k] =m§=0g(k, m, B,) P[M=m]
k=0,1,...,B, ©)

We next turn to calculate the blocking probability
at the input buffer. When all the storage units of the in-
put buffer are allocated, we distinguish two situations:

1) One of the inputing messages is completely re-
ceived before blocking occurs. The storage units occupied
by this message will then be released; and the system re-
turns to the “non-blocking” state.

2) One of the inputing messages gets blocked be-
fore the others have completely received. When this
happens, that input message is discarded and the storage
units it has occupied is released. The system then returns
to the “non-blocking” state.
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We can therefore express the input blocking pro-
bability as

PB, = P[I=B;] + P[one of the storage units is filled
before any has released]
= P[I=B,]* P[the remaining length of the re-
ceiving messageZ is longer than the remaining
length of the storage unit £] . (10)

Now Z has the same exponential distribution as the origi-
nal message and E is uniformly distributed in [0, b].
Therefore

PIZ>E] = [PP[Z>x] Jdx

=150 (11)
Substitute into Eq. (10), we have
1-0
PB=P[I=B]} — 1+ (12)

Let us now turn our attention to the output buffers.
We are interested in obtaining the distributions of queue
lengths Q and the distributions of storage unit occupan-
cies N, for the R output channels. Given that the length
of the j-th output channel queue Ql is g, we have, from
Eq. (8), the distribution of V; as

P[N=niQ= q1=P[X;+ Xo+ ...+ X;=n]
=g(n q, B).
n=q,q+l,..., B (13)

Unconditioning on Qi’ we have

o
PIN=n)= 2 £(r,q, B)PI0=a].

n=1,2,....,B,. (14)

To find the queue length distribution P[Q].=q] , We
condition on the number of occupied storage units N]

q=0

l)ForN.=0,P[Q‘=q|N-=0]={(1) g#o0 19
2)ForN=n>1,q€{l1,2,...,n}and
P[Q;=q, N;=n]
PIQ;=q | Ny=n)= — T —
i i P[N;=n]
PIX,+Xp+.. +Xy=n]
P[N,=n]
P[Jy=n]
4. 20) g=1,2,...,n (16)

Since P[Qj=q |1\§=n] is a valid distribution, it must sum
to one. Therefore

P[N=nl= X P[] =n]

=1 4

Q

Substitute into Eq. (16), we have

PlJ =
PIg=aiN=nl= - 2= bugg,m)
& P e=r]
q=1,2,....,n (17)

Unconditioning, we have

B.
PLO;=a)= = hia,m) P(N=r]

q=1,2,....,8 (18)

Substitute into Eq. (14), we have

Bj

P[N= n]— 81,4, B) 2 E h(g, k) PIN;=k]

n=1,2,....8 (19

This is a homogeneous set of equations, To solve for the
distribution of N uniquely, we include the following nor-
malizing equation:

B Py

¥ P[N=n]=1-P[N;=0]=1-P[Q;=0]

n=1

=P[Q;#0]= (1-PB) p; (20)

where pév;fuC is the utilization factor of output channel
j and PB is, the blocking probability at output buffer ;.
To calculate PB;, we note that blocking occurs if and only

if the unoccupled space in output buffer j is not sufficient
to accommodate the entire output message or

X>B ~N; +1 (#3))
Conditioned on Af}= n, we have

PB| yop =PIX>Bj—n+ 1]

=% 1-9) 0%
k:B]‘— n+1( )
= B~ 22)
Unconditioning,
B .
PB,= ¥ 65" P[N;=n] (23)
n=0

B.
Substituting P[N,=0]=1— X P[N;=n] in the above
n=1

equation, we have
B .
PB,= 0%+ = (05" 0%) P[N;=n] 24)
n+1

which is to be substituted into Eq. (20) and to be solved
together with Eq. (19) for the distribution of N;. With the
distribution of N, known, the distribution of Q; can be
computed from Eq. (18) with P[Q;=0]=P[N,= 0].
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The two distributions can be solved more simply by
iteration using the M |M |1 formula for the initial estimate
of P[Q;=q):

. (1 - pj) qu
Estimate [P [Q]= q] ] = —l—Br:;'l—

q=0,1,2,....,B. (25)

We then substitute this into Eq. (14) for an estimate of
P[N;=n]. This in turn is substituted into Eq. (18) for
a new estimate of P[Qi=q] , etc. until a desired accuracy
is obtained.

The average output blocking probability is just the
weighted average of PB;: v

R V;:
PBy=2 ;! PB, (26)

Let v/=v,(1 —PB;) (1-FB;) be the throughput of channel
R

j and y'= ‘21 v be the overall nodal throughput. Then
]:

Litlle’s formula gives the overall average delay in the out-

put buffer as

1
t

TO:v

R
ZER). 27)
The average nodal delay T is just the sum of average input
delay (from Eq. (1)) and the average output delay (from
Eq. (27)). Let PB be the average nodal blocking probabil-
ity, we have

1 —PB=(1 —PB))(1 —PBy). (28)
So
PB = FPB, + PB,— PB;* PB, (29)

These are the two performance measures we are
going to use for comparing the three strategies.

Analysis of the CS-CS strategy

Here, the input buffer behaves exactly the same as
the CS-CP strategy. The output buffer behaves different-
ly, but the analysis is similar. We outline it briefly here.
Let @ be the total number of messages in the output buf-
fer of size B, storage units, N be the total number of
storage units occupied in the output buffer and p;=v;(1-
PB))/uC j=1,2,..., R be the j-th output line utilization.
Again, we want to calculate the distributions of @ and V.
Proceed exactly as in the derivation of the distributions
of Qj and N’., we obtain

By By
P[N=n]= q{lg(", q, BO),th(q’ K)P[N=k] (30)

n=1,2,...,Bo

and the normalizing equation

By R
T P[N=n]=1- m [1-(1-FBo)p] @31
n=1 j=1
with
By
PBy=080 + T (§B0™_ 980y P[N=n] (32)
n=1

For which P[N=n], n=1,2,..., By can be solved. P[N=
0] is given simply as

By
P[N=0] =1— EIP[N=n].
n=

With that, P[Q=q] can be similarly computed from Eq.
(18). To solve the above system iteratively, we can use
the following distribution d, as an initial estimate of

P[Q=q]:

d, = qu(q) g=0,1,2,...,B,  (33)
2 G (k)
k=0
where
R
Gk)= I pﬂlquzqz,..p;’gg i;:l 4=k

]9 S

The nodal blocking and delay formulas are the same as
those given for the CS-CP strategy.

Analysis of the SIO strategy

For the SIO strategy, we do not distinguish input
and output buffers, but we do distinguish input messages
from output messages. Input messages are those being
received. Once received, they become output messages
waiting to be transmitted in one of the output lines. Let
the output messages form a queue of length Q and occupy
a total of N storage units (Q and N are again random
variables). Then, the distributions of Q and N are the
same as that given by Egs. (30), (31) and (18), except that
the whole buffer is of size B storage units instead; and p,
is defined as v,./ptC}.

Now consider the case where the output messages
occupy a total of N=n storage units. The remaining buf-
fer size therefore is B—# units. To determine the distribu-
tion of I', the total number of storage units occupied by
the input messages, we need to consider three cases:

(1) B-rn = L: This is the case where the number of
remaining storage units is larger than or equal to the num-
ber of input lines. Hence the distribution of the number
of active input lines M' is the same as the distribution of
M given by Eq. (3). Thus

P[M'=m|B-n>L]=P[M=m] m=0,1,2,..,L(34)
and the distribution of I’ under this condition is

L
P[I'=21B-n>L]= Eog (&, m,B-n)P[M=m]
m=
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2=0,1,....,B-n 35)
(2) 1<B-n<L-1: In this case, the number of ac-
tive input lines M’ cannot be larger than B-n; hence
P[M=m]
, m=0,1,2,...,B-n-1
P[M'=m|1<B-n<L-1]=
L
2 P[M=j] m=B-n

=B 36
and (36)

B-n-1
P[I'=21<B-n<L-1]= £Og(2,m,3-n)P[M=m]
m=

L
+g(® k k) ~ P[M=j]
j=k
L
+g(% B-n, B-n] T P[M=j]
j=B-n
L=0,1,...,B-n 37

(3) When B-n=0, there is no room for input mes-
sages. Hence there can be no active input lines and P [M '=
0|B-n=0]=1,;

P[I'=21B-n=0]

1 ¢=0 (38)
= 0 otherwise

Now, the event{B-n> L} is equivalent to{n<B-L}
and the event { I<B-n<L-1}1is equivalent to {B-L+
1<n<B-1}. Hence unconditioning on the random
variable N we have

B-L
P[I'=9]= z P [{'=21B-n>L] P[N=n]
n=

B-1
+ X

P[I'=01<B-n<L-1]P[N=n]
n=B-L+1

+P[I'=2/B-n=0) P[N=B]
2=0,1,2,...,B. (39)

We now turn to calculate the blocking probability
at the input end of the buffer. We comment that since
a message cannot be blocked once received for the SIO
strategy, this will also be the overall blocking probability.
As before, let us condition on the event that the number
of storage units occupied by the output messages N to
be n. Then, the number of storage units that can be used
to receive input messages is B-n. By the same argument
as in the derivation of Eq. (12), we have the conditional
blocking probability as

PB ly_,=P[I'= B-n) - P[astorage unit is needed
before any has released]

=1=9. pry=B-nl
= b P[I'=B-n].

Unconditioning,

PB=129 3 p[/'=B-n] P[N=n]. (40)
ﬂb n=0

With this, T, the average nodal delay can be calculated as

usual. )

Numerical Results and Comparisons

In this section, we intend to compare our three
buffer allocation strategies on a message switching node
with four input and four output lines. We will compare
them based on their average nodal blocking probabilities
with different values of NIR and Bp; where NIR (normal-
ized input rate) is defined as

13,
A total input datarate  M;=1 !

NIR £ fotal output capacity ~ 4.
%G
I=

and By is the total nodal buffer size.
We fixed the average exponentially distributed mes-
4 4
sage length to ;= 1000 bits; 2 G= 2 G=4800 bits/s
= =

and let the size of one storage unit (s.u.) be 500 bits. We
shall consider two types of input: symmetric and asym-
metric (ST and AST), and two classes of channel capacity
assignment: equal and unequal (EC and UEC). We let EC-
ST, EC-AST, UEC-ST, UEC-AST to denote the four com-
binations.

Let us first focus on the equal capacity and sym-
metric traffic case. Fig. 2 shows the relationship between
PB and B, with NIR=0.875. For all three strategies, PB
is reduced as By is increased. When B<100, we see that
SIO strategy gives the highest blocking, This apparently
violates the resource sharing theorem. We offer the fol-
lowing explanation. For the CS-CS and CS-CP strategies,
when the buffer size is small and the NIR is high, the
input buffer occupancy is high. Longer messages will
therefore have higher probability of getting blocked.
Hence the messages at the output buffer have shorter
average lengths compared to the output message of the
SIO strategy. In other words, more messages can get
through the node with the use of CS-CS and CS-CP
strategies, and therefore, their blocking probability is
smaller. On the other hand, the buffer or storage unit
utilization of the SIO strategy is the largest among the
three under all conditions. Thus when the buffer size is
in fixed length storage units, care must be taken in the use
of throughput in assessing system performance. When the
NIR is not too high or By is not too small, the above ef-
fect is minimum. We show this in Figs. 3 and 4. Fig. 5
shows the blocking performance of the three strategies
as a function of NIR. Fig. 6 shows nodal delay T as a
function of NIR. Notice that if there is no blocking, the
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Fig. 7. PB vs. By with storage unit size b as a parameter, EC-ST, Fig. 9. Delay-blocking characteristics with By as a parameter for
NIR=0.583. the SIO strategy, N/R = 0.875.
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average message delay will be the same for all three strate-
gies since they are essentially the same R independent
M|M|1 queueing systems. Thus when NIR is low, PB is
small, the delays for these three strategies are almost equal
as shown. When the NIR is high, the messages received
in the output buffer of the CS-CS and CS-CP strategies
have shorter average lengths compared to that of SIO. So
we expect the delay of the SIO strategy to be larger. Fig.
7 shows blocking as a function of B, with the storage unit
size b as a parameter. We see that for a fixed total buffer
size (in bits), PB decreases with b. This is because less
space is wasted when messages are occupying only a por-
tion of a storage unit. When b gets too small, the over-
head may be predominant. Analysis on the effect of over-
head can be found in [3].

Topics for Further Investigation

1) From the results shown in Figs. 8 and 9 and
other case studies of these three strategies, we found that
if the total buffer size, the total input traffic rate and the
total line capacities are fixed, the more random the dis-
tribution of line utilization factors is, the worse is the
nodal buffer performance (PB and T). Further work is
needed to obtain a quantitative measure of this random-
ness and relate it to PB and T.

2) Kamoun and Kleinrock [2] studied five buffer
allocation schemes with buffer size in variable length mes-
sage units. We have extended the analysis of only two of
them (the CP and CS) to buffer size in fixed length stor-
age units. Further work is needed on the other three
strategies.

3) In our three strategies, the nodal buffer blocks
a message if the unoccupied space is not sufficient to store
the remaining part of the message. Some other buffer
blocking strategies, such as selective blocking at a certain
buffer occupancy level, can also be analyzed and compar-
ed.

4) We observe that longer messages are more likely
to get blocked. So after blocking, the statistics of the
message length need to be characterized.
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